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Microplasma thruster of electrothermal type has been investigated with feed or propellant gases of
He and H2. The thruster consisted of an azimuthally symmetric microwave-excited microplasma
source 1.5 mm in diameter and 10 mm long with a rod antenna on axis, and a converging-diverging
micronozzle 1 mm long with a throat 0.2 mm in diameter. Surface wave-excited plasmas were
established by 4.0-GHz microwaves at powers of  6 W, with the source pressure in the range
0.5–12 kPa at flow rates of 2–70 sccm. The microplasma generation, micronozzle flow, and thrust
performance with He were numerically analyzed by using a two-dimensional fluid model, coupled
with an electromagnetic model for microwaves interacting with plasmas in the source region. In
experiments, the plasma electron density and gas temperature in the microplasma source were
measured at around the top of the microwave antenna, or just upstream of the micronozzle inlet, by
optical emission spectroscopy with a small amount of additive gases of H2 and N2. In the case of
He propellant, the Stark broadening of H Balmer-b line and the vibronic spectrum of N2 2nd
positive (0, 2) band indicated that the electron density was in the range ð25Þ  1019 m3 and the
gas or rotational temperature was in the range 600–700 K. The thrust performance was also
measured by using a target-type microthrust stand, giving a thrust in the range 0.04–0.51 mN, a
specific impulse in the range 150–270 s, and a thrust efficiency in the range 2%–12%. These
experimental results were consistent with those of numerical analysis, depending on microwave
power and gas flow rate. Similar plasma characteristics and thrust performance were obtained with
H2 propellant, where the specific impulse of  450 s was more than 1.5 times higher than that with
He, owing to a difference in mass between He and H2. A comparison with previous studies with Ar
propellant [T. Takahashi et al., Phys. Plasmas 16, 083505 (2009)] indicated that in the presence as
well as absence of plasma discharge, the specific impulse was enhanced by more than 3–5 times
with light-mass propellants He and H2 as has been known for large-scale propulsion systems. Thus,
it follows that in the microplasma thruster of electrothermal type, the high diffusivity and thermal
conductivity of He and H2 in the microplasma source of high surface-to-volume ratios do not lead
to a deterioration of the thrust performance, primarily owing to a more significant thermal energy
gain due to elastic collisions between electrons and heavy particles in He and H2.VC 2011 American
Institute of Physics. [doi:10.1063/1.3596539]
I. INTRODUCTION
Small spacecraft has recently attracted increasing atten-
tion in space technology to reduce the overall mission costs
and increase the launch rates.1–3 To realize such microspace-
craft of< 10 kg, called “nanosatellites,” their components
have to be miniaturized, including the propulsion system for
station keeping and for attitude control. Various microthrus-
ters have been proposed for these applications,2–6 including
micro electric propulsion systems or micro plasma=ion
thrusters:7–27 direct current (DC) microarcjet thruster,7–9 DC
microplasma thruster (MPD),10,11 micro Hall thruster,12,13
micro ion thruster,14–17 and dielectric capillary discharge
acceleration18 using gas fuels; field emission electric propul-
sion (FEEP)19 and colloid thruster20 using liquid fuels;
vacuum arc microthruster (VAlT),21 micro laser-ablation
plasma thruster (l-LPT),22,23 micro pulsed plasma thruster
(l-PPT),24,25 and ferroelectric plasma thruster (FEPT)26,27
using solid fuels. However, millimeter-scale microthrusters
have not yet been well established until now.
We have developed a mm-scale microplasma thruster of
electrothermal type using azimuthally symmetric micro-
wave-excited microplasmas,28–34 consisting of a micro-
plasma source and a micronozzle as shown in Fig. 1. The
microplasma source is made of a dielectric chamber covered
with a metal grounded, having a metal rod antenna on axis
covered with a dielectric envelope, which produces high
temperature plasmas at around atmospheric pressures. The
micronozzle concerned is a converging-diverging type,
which converts high thermal energy of plasmas into direc-
tional kinetic energy of supersonic plasma flows to obtain
the thrust. The microwave power employed would be limited
to< 10 W, taking into account the electric power generated
by solar cell panels installed on the microspacecraft
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concerned. The major feature of our system is that dis-
charges can be established relatively easily over a wide pres-
sure range by surface waves excited around the dielectric
envelope of the antenna on axis,35–38 where microwaves pen-
etrate into the plasma along the plasma-dielectric interfaces
even in the overdense mode and so the electron heating
occurs in a thin skin-depth layer. Such mechanism of the
power absorption or deposition is a great advantage to gener-
ate plasmas in a limited space without magnetic-field con-
finement, which would contribute to a simple structure and
long-time operation of the system with no electrodes, neu-
tralizers, and magnets. Previously, we carried out a compre-
hensive numerical and experimental investigation of the
microplasma generation, micronozzle flow, and thrust per-
formance with working or propellant gas of argon (Ar).34
Then, a thrust of > 1 mN was demonstrated with 4.0-GHz
microwaves of several W, while the specific impulse
remained relatively low (< 100 s), and so the advantage was
not sufficient over micro chemical propulsion.
This paper presents a study of the microwave-excited
microplasma thruster with hydrogen (H2) and helium (He) as
a propellant. In practice, H2 and He are often employed for
plasma thrusters of electrothermal type because of their light
masses, which give a high specific impulse in conventional
large-scale propulsion systems.39–41 However, there have
been few studies of the micropropulsion system with such
light-mass propellants, because their high diffusivity and
thermal conductivity might lead to significant thermal energy
losses and so to no improvement of the thrust performance.
Sec. II describes the numerical model and results for the
microplasma generation and micronozzle flow with working
gas of He. The model is concerned with the entire region
through the microplasma source to micronozzle, to analyze
the electromagnetic wave propagation, plasma evolution,
gas=plasma flow evolution (from subsonic to supersonic),
and thrust performance. Then, Sec. III gives the experimental
setup and results with H2 as well as He, where the plasma
density and gas temperature were measured in the plasma
source region by optical emission spectroscopy, along with
the thrust performance (thrust and specific impulse). A com-
parison between the numerical and experimental results is
made for He, and a difference in microplasma generation,
micronozzle flow, and thrust performance is discussed
between light (H2, He) and heavy (Ar) propellant gases.
Finally, Sec. IV summarizes conclusions of this paper.
II. NUMERICAL ANALYSIS
A. Model
The numerical model presently employed has been
detailed in our previous paper.34 Briefly, the model consisted
of an electromagnetic module (EM) for microwave propaga-
tion in interacting with plasmas and a fluid module (FM)
for plasma flows with two (electron and heavy particle)
temperatures. The former employed the finite difference
time-domain (FDTD) approximation, being applied to the
microplasma source region, to analyze the microwave power
absorbed in the plasma. The latter employed two-tempera-
ture fluid equations, being applied to the entire region
through the microplasma source to micronozzle (or through
subsonic to supersonic), to analyze the plasma and nozzle
flow characteristics. Gas-phase reaction processes were taken
into account in both regions along with plasma-wall interac-
tions in a limited space, and the analysis of the nozzle flow
finally gave the thrust performance achieved. The numerical
analysis relied on the azimuthally symmetric coordinate sys-
tem [two-dimensional (2D) r  z system, @=@h ¼ 0] assum-
ing that: (i) the plasma is a two-phase medium consisting of
electrons and heavy particles (ions and neutrals), and the
temperature of electrons is different from that of heavy
particles [Te 6¼ Th ð¼ Ti ¼ TnÞ]. (ii) The plasma is macro-
scopically quasi-neutral, or the electron density equals that
of ions (ne ¼ ni). (iii) The atomic processes in the gas phase
are electron-impact excitation=de-excitation and ioniza-
tion=recombination, taking into account metastables as well
as ground-state atoms (neutral density nn ¼ ng þ n with
ground-state ng and metastable n ones). (iv) The charged
particles (ions and electrons) diffuse toward the walls
according to the ambipolar diffusion. (v) The sheath struc-
tures are neglected at the plasma-wall interfaces. (vi) The
gas=plasma flow is laminar, and the convective velocity v is
the same for all species (electrons and heavy particles). (vii)
In the microplasma source, moreover, the microwave energy
is absorbed by plasma electrons, which in turn, transferred to
heavy particles through elastic collisions between them.
The EM module for the microplasma source consisted
of Maxwell’s equations for electromagnetic fields of micro-
waves and equations for plasma electrons (neglecting the
Lorentz force and pressure gradient). Assuming the azi-
muthal symmetry of the configuration, only the transverse
magnetic waves were taken to exist in the plasma chamber
with the electric E ¼ ðEr; 0;EzÞ and magnetic B ¼ ð0;Bh; 0Þ
fields of microwaves. The transverse electromagnetic waves
were injected into the system at the excitation plane (1.2 mm
upstream of the end of the coaxial cable), and the total power





FIG. 1. Schematic of the microplasma thruster using azimuthally symmetric
microwave-excited microplasmas, consisting of a microplasma source with
a rod antenna on axis and a converging-diverging (Laval) micronozzle.
Here, the microplasma source is  1:5 mm in diameter and  10 mm long,
and the micronozzle is  1 mm in length, having a throat  0:2 mm in
diameter.
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where l0 is the magnetic permeability of the vacuum and A
is the cross section concerned. The boundary conditions for
the EM equations were the same as those in Ref. 34, includ-
ing Mur’s first-order absorbing boundary condition applied
to the field component Er at the left end of the coaxial cable
(0.8 mm further upstream of the excitation plane). In addi-















assuming that the power absorption jE in the plasma arises
only from the classical Ohmic heating of electrons, where j
is the plasma or electron current density induced by micro-
waves, tp the period of the electromagnetic waves, and Qabs
the time-averaged power density absorbed. The spatially
averaged power density absorbed per unit volume was given
by Qabs ¼ Pabs=V with the plasma volume V.
The FM module for the microplasma source and micro-
nozzle consisted of two-temperature Navier-Stokes equations
and the equation of state for a two-phase medium consisting
of electrons and heavy particles (ions and neutrals): the over-
all mass continuity, overall momentum conservation, conser-
vation of electrons,42 conservation of metastables, energy
conservation of electrons, energy conservation of heavy par-
ticles, and equation of state. In the FM equations, the trans-
port coefficients were taken from Refs. 43–45 including the
viscosity g, ambipolar diffusion coefficient Da, diffusivity D
of metastable He* in He, and thermal conductivity js for
electrons (s ¼ e) and heavy particles (s ¼ h). The energy
exchange term due to elastic collisions between electrons and
heavy particles was taken from Refs. 46 and 47. Moreover,
the electron-impact excitation=de-excitation and ioniza-
tion=recombination processes were taken into account as
listed in Table I. In the terms concerned with inelastic elec-
tron collision processes, the ionization and excitation rates
(for reactions R1–R3) were taken from Refs. 48–53, and the
rate coefficients for the reverse processes (R4–R6) were
determined from the so-called principle of detailed balance.
The rate coefficients for elastic momentum-transfer and for-
ward reactions (R1–R3) in He are shown in Fig. 2 as a func-
tion of electron temperature Te, together with those in Ar. It
is noted here that the rate coefficient for electron impact ioni-
zation of metastable He* atoms (R3) appears to be large in
Refs. 48–50, in view of the cross section for electron impact
ionization of metastable He* and Ar* atoms in Refs. 51–53;
thus, we took the rate coefficient for metastable ionization
(R3) in He that is five times smaller than that previously
given in Refs. 48–50. The ionization (R1) and excitation (R2)
rate coefficients for He are two–three orders of magnitude
smaller than those for Ar, while the elastic momentum-trans-
fer rate coefficient is larger than that for Ar. These differences
would lead to a significantly lower plasma and metastable
densities in He plasma, compared with those in Ar plasma,
while the plasma electron temperature would remain almost
unchanged. The transport coefficients are also shown in Fig.
3 as a function of gas or heavy particle temperature Th and
electron temperature Te (see Ref. 34 for the source of the data
on Ar in Figs. 2 and 3). The thermal conductivity and diffu-
sion coefficient for He are  ten times higher than those for
Ar, while the viscosity for He is relatively similar to that for
Ar. Thus, the thermal loss and the loss of plasma particles
(ions, electrons, and metastables) to chamber walls are
expected to be more significant in He plasma, while the vis-
cous dissipation in boundary layers is expected to remain rel-
atively unchanged. The boundary conditions for the FM
equations were the same as those in Ref. 34: the heavy parti-
cle temperature Th at the interfaces was assumed to be iso-
thermal with a wall temperature Tw ¼ 500 K in the plasma
source region (as will be validated later in Sec. III A, Experi-
mental setup), and the radiative wall condition was employed
for Th in the nozzle region.
The numerical procedures have also been detailed in our
previous paper.34 The EM equations for the microplasma
source were solved by using the FDTD approximation. The
FM equations for the microplasma source and micronozzle
were all discretized in a finite difference manner, and the
discrete equations were solved by using an implicit lower-
upper symmetric Gauss-Seidel scheme (LU-SGS).54 A self-
consistent solution was obtained by applying the different
timescale integration to the two modules of EM and FM,
TABLE I. Inelastic electron collision processes used in the simulation (Hj is
the excitation=de-excitation energy of the reaction j).
j Process Reaction Hj (eV) Ref.
R1 Ground state ionization Heþ e ! Heþþ 2e 24.6 48–50
R2 Ground state excitation Heþ e ! He*þ e 19.8 48–50
R3 Step-wise ionization He*þ e ! Heþþ 2e 4.8 51–53
R4 Three-body recombination Heþþ 2e ! Heþ e 24.6 —
R5 Superelastic collision He*þ e ! Heþ e 19.8 —
R6 Two-body recombination Heþþ e ! He*þ (h) 4.8 —
FIG. 2. Rate coefficients for elastic and inelastic electron collision processes
in He (solid lines, see Table I) as a function of electron temperature Te, to-
gether with those in Ar (dashed lines).
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where the procedures were repeated until the plasma and
fluid properties converged in the entire region of plasma
source and nozzle to finally also give the thrust performance.
B. Numerical results
Figures 4(a)–4(h) show the spatial distribution of the
electron density ne, electron temperature Te, heavy particle
temperature Th, absorbed power density Qabs, pressure p,
axial flow velocity u, He gas or ground-state density ng, and
He* metastable-state density n in the microplasma source,
respectively, calculated for an input power Pin ¼ 6:0 W of
f¼ 4 GHz microwaves, He mass flow rate _m ¼ 0:15 mg=s
(flow rate of 50 sccm), and quartz chamber and envelope (rel-
ative permittivity er ¼ ed ¼ 3:8). Here, the pressure is given
by p ¼ pe þ ph ¼ nekBTe þ nhkBTh ¼ nekBðTe þ ThÞ
þ nnkBTh  ngkBTh with the Boltzmann constant kB, and the
mass density is given by q ¼ mene þmhnh  mhnh  mhng
with the mass mh ð¼ mi ¼ mnÞ and density nh ð¼ ni þ nn
¼ ne þ nnÞ of heavy particles. The absorbed power calculated
in the plasma is Pabs ¼ 4:5 W=m in total, corresponding to
the average power density Qabs ¼ 5:7 108 W=m3. The
plasma electron density ne and temperature Te exhibit their
maxima near the end of the dielectric envelope of the antenna
(ne  1:8  1019 m3, Te  2:0  104 K), which is consist-
ent with the distribution of the absorbed power density Qabs.
On the other hand, the heavy particle temperature Th exhibits
its maximum in a space between the end of the dielectric en-
velope and the end wall of the dielectric plasma source cham-
ber (Th  650 K), where the micronozzle is located to
achieve the aerodynamic acceleration of high temperature
plasmas through supersonic expansion into vacuum. In addi-
tion, the pressure calculated is almost uniform in the plasma
source (p  10 kPa), and the flow velocity is increased in the
axial direction toward the end of the source region (up to
u  60 m=s).
A comparison with numerical results for Ar (Ref. 34)
indicates that the electron ne and metastable n densities in
He plasma are one–two orders of magnitude lower than
those in Ar plasma, because of smaller ionization and exci-
tation rate coefficients and larger diffusion coefficients for
He. The electron temperature Te and absorbed power density
Qabs are locally a little higher in He than in Ar plasmas;
however, in contrast to Ar, Te in He is substantially
decreased towards the end of the source chamber or the noz-
zle inlet, owing to more significant energy loss due to elastic
and inelastic collisions between electrons and heavy par-
ticles in He. The heavy particle temperature Th in He plasma
is only a little lower than that in Ar plasma (Th  890 K in
Ar)34; this is attributed primarily to a more significant ther-
mal energy gain due to elastic collisions between electrons
and heavy particles in He as compared to that in Ar, which
tends to offset a more significant thermal energy loss due to
the higher thermal conductivity in He. Moreover, the flow
velocity u in He plasma is two–five times larger than that in
Ar plasma, and correspondingly, the pressure p and gas den-
sity ng are significantly lower in He than in Ar, because u in
the plasma source region is governed by the choking
(Ma ¼ u=a ¼ 1) at the nozzle throat; in effect, the sonic
speed a ¼ ðckBTh=mhÞ1=2 of He is higher than that of Ar,
where c ¼ 5=3 denotes the specific heat ratio for monoa-
tomic gases.
Also shown in Figs. 4(i) and 4(j) are snapshots of the
distribution of the radial Er and axial Ez electric fields of
microwaves. The corresponding extended views of the elec-
tric fields in the dielectric as well as in the plasma are also
shown in Figs. 5(a) and 5(b). These results are similar in part
to those for Ar,34 indicating that the strength of Er is more
than ten times smaller than that of Ez in the plasma, while
the former is about ten times larger than the latter in the
dielectric. Moreover, the peak position of the absorbed
power density Qabs in the plasma corresponds to that of Ez
FIG. 3. Transport coefficients for He (solid lines) as a function of (a), (b) gas or heavy particle temperature Th, and (c) electron temperature Te, together with
those for Ar (dashed lines): (a) viscosity g and thermal conductivity jh, (b) diffusion coefficient D for metastables, and (c) ambipolar diffusion coefficient Da
for ions and electrons, where p ¼ ngkBTh denotes the gas pressure.
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(not Er), implying that the axial Ez is the major component
of microwave electric fields that contributes to Qabs and thus
to Pabs. The present numerical analysis gives a high absorp-
tion efficiency Pabs=Pin  75 % in He (> 80% in Ar),34
which is ascribed to the localized absorption of microwaves
or inhomogeneous heating of electrons in the interaction of
electromagnetic waves with nonuniform plasmas. However,
it should be noted here that the present results for He show
no significant characteristic of surface wave-excited plasmas
as can be seen in the case of Ar,34 where the strength Ez in
the plasma is largest near the plasma-dielectric interfaces,
further increasing with increasing axial distance downstream
toward the end of the antenna or dielectric envelope. This is
attributed to the lower plasma electron densities ne in He,
which do not satisfy in part the conditions for surface waves;55
in practice, the surface wave is assumed to propagate in a thin
skin depth layer of thickness d ¼ c=xpe along the plasma-
dielectric interfaces for densities ne > ncr. Here, c denotes
the speed of light in vacuum, xpe ¼ ðnee2=mee0Þ1=2 the
plasma electron frequency, ncr ¼ ð1þ edÞnc the critical
density for surface waves, and nc ¼ e0mex2=e2 the cutoff
density for electromagnetic waves of frequency f ¼ x=2p;
moreover, e is the magnitude of electron charge, me the mass
of electron, and e0 the electric permittivity of vacuum. In
the case of He with typically ne ¼ 2  1019 m3
(ne ¼ 2 1020 m3 in Ar),34 the frequency f¼ 4 GHz and
dielectric constant ed ¼ 3:8 give ncr ¼ 9:1  1017 m3 and
d ¼ 1:2 mm (d ¼ 0:38 mm in Ar); thus, in He, d > Rc while
ne > ncr, where Rc ¼ ðdd;out  dd;inÞ=2 ¼ 0:24 mm is the
characteristic radial length of the plasma presently
concerned.
Figures 6(a)–6(h) show the distribution of the electron
density ne, electron temperature Te, heavy particle tempera-
ture Th, Mach number Ma ¼ jvj=a, pressure p, axial flow ve-
locity u, He gas or ground-state density ng, and He*
metastable-state density n in the micronozzle, respectively,
obtained in the same numerical simulation as Figs. 4 and 5.
The temperature Th, Mach number Ma, pressure p, flow veloc-
ity u, and gas ng and metastable n densities exhibit a charac-
teristic of the subsonic-supersonic flow or aerodynamic
acceleration of flow in the converging-diverging nozzle: Ma
and u increase with increasing axial distance, with Ma ¼ 1
FIG. 4. (Color online) Distribution of
the (a) electron density ne, (b) electron
temperature Te, (c) heavy particle tem-
perature Th, (d) absorbed power density
Qabs, (e) gas pressure p, (f) axial flow ve-
locity u, (g) He gas or ground-state den-
sity ng (q  mhng), and (h) He*
metastable-state density n in the micro-
plasma source, calculated for an input
power Pin ¼ 6:0 W of f ¼ 4 GHz micro-
waves, He mass flow rate _m ¼ 0:15
mg=s (flow rate of 50 sccm), and quartz
chamber and envelope (ed ¼ 3:8). Here,
the diameter and length of the antenna
are dan ¼ 0:48 mm and Lan ¼ 8:5 mm,
respectively. The inner diameter, outer
diameter, and length of the dielectric
envelope covering the antenna are
dd;in ¼ dan ¼ 0:48 mm, dd;out ¼ 1:02
mm, and Ld ¼ 9:5 mm, respectively.
The inner diameter, outer diameter, and
length of the dielectric chamber of
the microplasma source are ds;in
¼ 1:44 mm, ds;out ¼ 3:0 mm, and Ls
¼ 10:5 mm, respectively. The micro-
wave power absorbed in the plasma was
calculated as Pabs ¼ 4:5 W. Also shown
is a snapshot of the distribution of the (i)
radial Er and (j) axial Ez electric fields
of microwaves in the microplasma
region.
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being at around the throat, while Th, p, ng, and n decrease
downstream along the nozzle axis. However, the contour of
Th, Ma, and u indicates that the boundary layer associated
with viscosity is relatively thick in the micro-nozzle, espe-
cially in the divergent or supersonic portion of the nozzle.56 In
practice, the flow velocity u is lower and the temperature Th is
higher closer to the nozzle walls in the diverging portion;
moreover, the flow therein is supersonic (Ma > 1) around the
nozzle axis, while subsonic (Ma < 1) near the walls over
roughly half of the nozzle cross section. Note that the decrease
of the temperature Th along the nozzle axis is not so signifi-
cant as compared to the change of Ma, p, u, ng, and n, owing
to heating due to viscous dissipation in thick boundary layers.
It is further noted that the plasma density ne decreases down-
stream along the nozzle axis, which is similar to the behavior
of the pressure p and gas ng and metastable n densities; on
the other hand, the electron temperature Te exhibits a substan-
tial decrease along the axis, which is more significant as com-
pared to the behavior of the temperature Th.
A comparison with numerical results for Ar (Ref. 34)
indicates that the flow velocity u in the nozzle is more than
two times larger in He than that in Ar, owing to the higher
sonic speed of He, although the aerodynamic acceleration of
the flow in He is not so strong as compared to that in Ar,
owing to lower pressures p or gas densities ng in the plasma
source region in He. Moreover, the decrease of the electron
FIG. 5. (Color online) Extended view of a snapshot of the distribution of the (a) radial Er and (b) axial Ez electric fields of microwaves in the microplasma
source, corresponding to Figs. 4(i) and 4(j). The figure includes the region of coaxial cable for microwave injection and the region of dielectric materials con-
taining the plasma. Note that the excitation plane for microwave injection in the numerical analysis is at z ¼ 1:2 mm, and the boundary for Mur’s first-order
absorbing condition is at z ¼ 2 mm.
FIG. 6. Distribution of the (a) electron
density ne, (b) electron temperature Te,
(c) heavy particle temperature Th, (d)
Mach number Ma, (e) pressure p, (f)
axial flow velocity u, (g) He gas or
ground-state density ng (q  mhng), and
(h) He* metastable-state density n in
the micronozzle, obtained in the same
numerical simulation as Figs. 4 and 5.
The nozzle shown has an inlet, throat,
and exit diameter of din ¼ 0:6 mm,
dth ¼ 0:2 mm, and dex ¼ 0:8 mm,
respectively, with a diverging angle of
h ¼ 26:6	 and a total length of 1 mm.
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temperature Te downstream along the nozzle axis in He is
significantly large as compared to that in Ar, primarily
because of more significant energy loss due to elastic and
inelastic collisions between electrons and heavy particles in
He.
Figures 7 and 8 show the contour of plasma and flow
properties in the microplasma source and micronozzle,
respectively, for a reduced He mass flow rate of _m ¼ 0:059
mg=s (flow rate of 20 sccm), calculated with the other pa-
rameters being the same as in Figs. 4–6. A comparison
between Figs. 4 and 7 indicates that in the plasma source
region, reducing the flow rate leads to a decrease in pressure
p, flow velocity u, and gas ng and metastable n densities,
while the electron density ne, temperature Te, heavy particle
temperature Th, and absorbed power density Qabs remain
almost unchanged. A comparison between Figs. 6 and 8
indicates that at reduced flow rates, the aerodynamic accel-
eration of the flow in the nozzle is significantly reduced
owing to lower pressures p or gas densities ng in the plasma
source region. These effects of reducing the flow rate are
more significant for He, as can be seen from a comparison
with numerical results for Ar,34 because the sonic speed of
He is much higher than that of Ar. In practice, the micro-
nozzle flow of He in Fig. 8 remains almost subsonic, or the
Mach number is Ma < 1, over almost the entire region of
the nozzle, where a transition from subsonic to supersonic
flow on axis occurs a little downstream of the throat (not at
the nozzle throat) with the minimum Th and the maximum
Ma and u being inside the nozzle (not at the nozzle exit).
Thus, it follows that viscous boundary layers next to the
nozzle walls56 impede the flow expansion in the micronoz-
zle more significantly at reduced flow rates in He, where the
nozzle flow is heavily underexpanded to decelerate the su-
personic flow downstream along the axis in the diverging
portion of the nozzle.
III. EXPERIMENT
A. Experimental setup
The experimental setup has been detailed in our previ-
ous paper.34 The microplasma source chamber was made of
a quartz tube (ed ¼ 3:8) Ls ¼ 10:5 mm long, ds;in ¼ 1:5 mm
in inner diameter, and ds;out ¼ 3:0 mm in outer diameter,
which was similar to the configuration of the microplasma
source shown in Figs. 4, 5 and 7. The center conductor of a
semi-rigid coaxial cable, protruding 10 mm beyond the insu-
lator and outer conductor, was covered with a dielectric en-
velope, which was then inserted in the source chamber as a
microwave antenna Lan ¼ 8:5 mm long and dan ¼ 0:5 mm in
diameter. The dielectric envelope of quartz (ed ¼ 3:8) cover-
ing the antenna was Ld ¼ 9:5 mm long, dd;in ¼ 0:5 mm in
inner diameter, and dd;out ¼ 1:0 mm in outer diameter. The
plasma source chamber and antenna were inserted into a
stainless-steel housing to cover the microplasma source with
a metal grounded, where an annular spacing was retained for
feeding the propellant gas. The microplasma source thus
FIG. 7. (Color online) Distribution of
the (a) electron density ne, (b) electron
temperature Te, (c) heavy particle tem-
perature Th, (d) absorbed power density
Qabs, (e) gas pressure p, (f) axial flow ve-
locity u, (g) He gas or ground-state den-
sity ng (q  mhng), and (h) He*
metastable-state density n in the micro-
plasma source for a He mass flow rate
_m ¼ 0:059 mg=s (or a flow rate of 20
sccm), calculated with the other parame-
ters being the same as Figs. 4–6. The
microwave power absorbed in the
plasma was calculated as Pabs ¼ 4:4 W.
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configured was located in a vacuum chamber pumped down
by a dry and turbomolecular pump.
Microwave signals of f ¼ 4 GHz from a signal genera-
tor were amplified through a four-stage semiconductor am-
plifier to powers of nominally Pin  6 W, and then fed into
the microplasma source through the semi-rigid coaxial cable,
where a miniature three-stub tuner was used to suppress the
reflection of microwaves. The propellant or working gas was
He and H2 in this study, being supplied through a mass flow
controller; in some cases, a small amount (< 1%) of N2 and
H2 was added for plasma diagnostics. The gas pressure p0
(¼ p  ngkBTh) in the microplasma source was measured by
a pressure gauge set upstream of the source chamber. The
micronozzle of converging-diverging type was fabricated in
a 1-mm-thick quartz plate, having an inlet, throat, and exit
diameter of din ¼ 0:6, dth ¼ 0:2, and dex ¼ 0:8 mm, respec-
tively, which was similar to the nozzle configuration shown
in Figs. 6 and 8; the micronozzle was attached to the end of
the microplasma source chamber. It is noted here that the gas
flow rate (or mass flow rate _m) and the source pressure p0
measured with and without plasma discharge were approxi-
mately related by the quasi-one-dimensional nozzle flow
equation for an isentropic flow of perfect gas,34,56–58 assum-
ing the source temperature T0 ð ThÞ to be the room temper-
ature in cold gas operation and to be the gas temperature
spectroscopically measured in plasma discharge operation.
At He gas flow rates of 2–70 sccm, the source pressure was
in the range p0 ¼ 0:512 kPa with plasma discharge at
Pin ¼ 6 W, and in the range p0 ¼ 0:27 kPa without plasma
discharge. It is further noted that by using a radiation ther-
mometer and temperature labels, the wall temperature of the
microplasma source chamber was estimated to be typically
Tw  500 K with the plasma discharge on at Pin ¼ 6 W,
which was only a little lower than the melting point of
VitonVR O-rings set in the present microplasma chamber
system.
To characterize the microplasma concerned, the optical
emission from the plasma was observed in the side-view
direction through a 1-mm-diam small hole of the stainless-
steel housing at around the end of the antenna or dielectric
envelope (just upstream of the micronozzle inlet).34 A 50-cm
focal length spectrograph=monochromator was employed in
these experiments, with a grating of 2400 lines=mm and
charge-coupled device (CCD) detector, where a set of lenses
were used to collect the emission from the plasma and focus
it on the entrance slit of the spectrometer. The spectral reso-
lution, determined using a low-pressure Ar discharge lamp,
was 0.025 nm with an entrance slit width of 5 lm.
B. Plasma characteristics
The analysis of optical emissions from the plasma has
been detailed in our previous paper.34 The plasma electron
density was measured by analyzing the Stark broadening of
the H Balmer-b (Hb) spectral line at 486.1 nm, where a small
amount (< 1%) of H2 was added in the case of He. The Hb
line broadening is generally appreciated to consist of the
instrumentation Dkinstrum, Doppler DkDoppler (depending on
gas temperature Tg), pressure Dkpressure (depending on Tg and
p0 or gas density ng), and Stark DkStark broadening
FIG. 8. Distribution of the (a) electron
density ne, (b) electron temperature Te,
(c) heavy particle temperature Th, (d)
Mach number Ma, (e) pressure p, (f)
axial flow velocity u, (g) He gas or
ground-state density ng (q  mhng), and
(h) He* metastable-state density n in
the micronozzle, obtained in the same
numerical simulation as Fig. 7.
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(depending on ne and Te)
34,59–61; the former two are given
by the Gaussian profile and the latter two by the Lorenzian
profile, which are then approximated by the Voigt function
in total with a full width at half maximum (FWHM) of DkV
(typically, DkV  0:050:06 nm in the present experi-
ments). The accuracy of the electron density determined
from the Stark broadening relies on the spectral resolution of
the measurement system and also on the assumption of anal-
ysis of the spectral line broadening; in practice, the present
accuracy was estimated to be about 6 20%, primarily owing
to the resolution Dkinstrum  0:025 nm of the spectrometer
system employed. Moreover, the gas=rotational temperature
was measured by adding a small amount (< 1%) of N2 and
analyzing the vibronic spectrum of the N2 2nd positive (0, 2)
band at 380.4 nm.
Figures 9 and 10 show the plasma electron density ne
and gas=rotational temperature Tg  Trot measured as a func-
tion of He and H2 gas flow rates, respectively, for different
microwave input powers Pin, where changing the flow rate
led to a change in pressure p0 or gas density ng in the micro-
plasma source as in Ref. 34. The electron density was in the
range ne  ð25Þ  1019 m3, and the gas temperature was
in the range Tg  Trot  600700 K in He discharges of
Fig. 9, where ne was about five times lower and Tg was a lit-
tle lower than those in Ar discharges.34 The temperature
Tg  Trot was observed to increase with increasing Pin and to
slightly decrease with increasing flow rate (or with increas-
ing p0 or ng in the plasma source). On the other hand, the
density ne was observed to increase with increasing Pin and
to remain almost unchanged by varying the flow rate. Also
shown in Fig. 9 are the curves of ne and Tgð¼ ThÞ numeri-
cally simulated as in Figs. 4 and 7, indicating that the experi-
ments were in agreement with the numerical analysis, where
the numerical data were line-averaged in the radial direction
between the end of the microwave antenna or dielectric en-
velope and the inlet of the nozzle. Similar plasma character-
istics were observed in H2 discharges of Fig. 10, where the
discharge could not be established under marginal conditions
for sustaining the discharge (at high flow rates of > 15 sccm
at Pin ¼ 6 W and > 2:5 sccm at Pin ¼ 3 W).
It should be noted that at a constant power input in He
and H2, the gas temperature Tg decreases slightly with
increasing gas flow rate (or seems to be almost independent
of flow rate), while the electron density ne is almost inde-
pendent of flow rate. This implies that more efficient energy
transfer from electrons to heavy particles occurs at higher
flow rates, which is caused by more frequent elastic colli-
sions between electrons and heavy particles at higher flow
rates. In effect, increasing the flow rate leads to an increase
in pressure or gas density in the plasma source chamber, as
mentioned earlier (in Sec. III A, Experimental setup), which
in turn results in more frequent collisions between electrons
and heavy particles at higher flow rates. Such cause-and-
effect relationships can also be seen through a comparison of
Tg and ne depending on flow rate between He=H2 and Ar;
34
in the case of Ar, the temperature Tg decreases significantly
with increasing flow rate, while the density ne increases with
increasing flow rate. This is attributable to less efficient
energy transfer from electrons and heavy particles in Ar, due
to lower electron-neutral atom elastic collision rates for Ar
(see Fig. 2) and also to smaller electron-to-atom mass ratio
me=mh for Ar.
C. Thrust performance
The experimental setup for thrust measurement has been
detailed elsewhere,31 which consisted of a pendulum-type
stand for cold-gas operation and a target-type stand for both
cold-gas and plasma-discharge operations. In the former, the
thruster itself was hung; on the other hand, in the latter, a
small concave cylindrical target block was hung downstream
FIG. 9. (a) Plasma electron density ne and (b) gas temperature Tg  Trot
measured as a function of He gas flow rate for different microwave powers
Pin, where changing the flow rate led to a change in pressure p0 in the micro-
plasma source. These data were taken under the conditions of f ¼ 4 GHz
and ed  3:8, with a small amount (0.05 sccm) of additive gases of N2 in (a)
and H2 in (b). Also shown in the figure are the curves of ne and Tg ð¼ ThÞ
numerically simulated as in Figs. 4 and 7, where the data are those line-aver-
aged in the radial direction between the end of the antenna or dielectric en-
velope and the inlet of the micronozzle.
FIG. 10. (a) Plasma electron density ne and (b) gas temperature Tg  Trot
measured as a function of H2 gas flow rate for different microwave powers
Pin, where changing the flow rate led to a change in pressure p0 in the micro-
plasma source. These data were taken under conditions of f ¼ 4 GHz and
ed  3:8, with a small amount (0.05 sccm) of additive gas of N2 in (a).
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of the nozzle exit with the thruster being fixed tightly, and
the gas=plasma plume ejected from the thruster struck the
target mounted at one end of the pendulum with some
weights being at the other end for balance. Here, the target
employed was a small Faraday cup-like one made of poly-
tetrafluoroethylene (PTFE), to suppress the effects of
reflected particles of the jet plume striking the target. A small
displacement of DX < 0:1 mm in operation was measured
by using a laser displacement gauge having a resolution of
Dx < 0:1 lm. The accuracy of the present thrust measure-
ment was estimated to be about 610%, relying primarily on
mechanical issues of the measurement system such as effects
of friction of the knife edge on the rotational axis and the
reflected jet plume particles on the target.
Figures 11 and 12 show the thrust performance (thrust
Ft, specific impulse Isp) measured as a function of He and H2
gas flow rates, respectively, for different microwave input
powers Pin, where Pin ¼ 0 W corresponds to the cold-gas
operation without plasma discharge. The measurements
showed that the thrust performance was enhanced with the
discharge on and with increasing Pin; the thrust and specific
impulse were typically Ft  0:51 mN and Isp  250 s,
respectively, with the thrust efficiency gt  10:1% at
Pin ¼ 6 W and a He flow rate of 70 sccm (0.21 mg=s). Also
shown in He discharges of Fig. 11 are the curves of Ft and
Isp calculated based on the numerical analysis in Sec. II as in
Ref. 34, indicating that the experiments were in agreement
with the numerical analysis, where the thrust Ft was taken to
consist of the momentum and pressure ones, and the temper-
ature Th was taken to be the room temperature in cold gas
operation. It is further noted that the numerical efficiency
was in the range gt  212 % at Pin  36 W and He flow
rates of 10–70 sccm. Similar thrust performance was
obtained in H2 discharges of Fig. 12, where the specific
impulse Isp was more than 1.5 times higher than that in He,
owing to a difference in mass between H2 and He.
56,58
Figure 13 shows a summary of the thrust performance
(Isp versus Ft) measured for different microwave powers Pin
and flow rates with three different propellant gases, where
the data for He and H2 were taken from the preceding Figs.
11 and 12, respectively, and the data for Ar were taken from
Fig. 14 of our previous paper.34 It should be noted here that
the specific impulse Isp was higher with light-mass He and
H2 than with Ar, while the thrust Ft was larger with Ar than
with He and H2, and that the thrust performance was
enhanced with the discharge on and with increasing Pin for
all these different gases. Thus, it follows that in the micro-
plasma thruster of electrothermal type, the high diffusivity
and thermal conductivity of light-mass propellants do not
lead to a deterioration of the thrust performance, although
the surface-to-volume ratio is high for microplasma sources;
FIG. 11. Thrust performance [(a) thrust Ft and (b) specific impulse Isp]
measured as a function of He gas flow rate for different microwave powers
Pin under the same conditions as in Fig. 9 (f ¼ 4 GHz, ed  3:8). Here,
Pin ¼ 0 W corresponds to the cold-gas operation without plasma discharge.
Also shown in the figure are the curves of Ft and Isp calculated from the nu-
merical analysis as in Figs. 6 and 8.
FIG. 12. Thrust performance [(a) thrust Ft and (b) specific impulse Isp]
measured as a function of H2 gas flow rate for different microwave powers
Pin under the same conditions as in Fig. 10 (f ¼ 4 GHz, ed  3:8). Here,
Pin ¼ 0 W corresponds to the cold-gas operation without plasma discharge.
FIG. 13. Thrust Ft versus specific impulse Isp measured for different micro-
wave powers Pin and gas flow rates with three different propellant gas. The
data for He and H2 were taken from the preceding Figs. 11 and 12, respec-
tively, and the data for Ar were from Fig. 14 of our previous paper.34
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in effect, in the present microplasma thruster, the specific
impulse Isp was found to be significantly enhanced with
light-mass propellants of He and H2 as compared to that with
Ar, as has been known for large-scale propulsion systems.58
This is attributed primarily to a more significant thermal
energy gain due to elastic collisions between electrons and
heavy particles in He and H2 as compared to that in Ar,
which tends to offset a more significant thermal energy loss
due to the high diffusivity and thermal conductivity of light-
mass He and H2 in the microplasma source of high surface-
to-volume ratios.
IV. CONCLUSIONS
Microplasma thruster of electrothermal type has been
investigated with feed or propellant gases of He and H2. The
thruster consisted of an azimuthally symmetric microwave-
excited microplasma source and a converging-diverging
micronozzle. The plasma source was made of a dielectric
chamber 1.5 mm in diameter and 10 mm long covered with a
metal grounded, having a metal rod antenna on axis covered
with a dielectric envelope, which produced high temperature
plasmas at around atmospheric pressures. The surface wave-
excited plasmas were established by 4.0-GHz microwaves at
powers of Pin  6 W, with the source pressure in the range
0.5–12 kPa at flow rates of 2–70 sccm. The nozzle was also
made of a dielectric, being 1 mm long with a throat 0.2 mm
in diameter, which converted high thermal energy of plasmas
into directional kinetic energy of supersonic plasma flows to
obtain the thrust. The microplasma generation, micronozzle
flow, and thrust performance with He were numerically ana-
lyzed by using a two-dimensional fluid model over the entire
region through the microplasma source to the micronozzle,
coupled with an electromagnetic model for microwaves
interacting with plasmas in the source region. The numerical
results indicated that in the micronozzle, viscous boundary
layers next to the nozzle walls impede the flow expansion,
especially at reduced flow rates, where the supersonic flow is
heavily decelerated to subsonic downstream along the axis in
the diverging portion of the nozzle.
In experiments, the plasma electron density and gas tem-
perature were measured in the microplasma source at around
the top of the microwave antenna, or just upstream of the
micronozzle inlet, by optical emission spectroscopy with a
small amount of additive gases of H2 and N2. In the case
of He propellant, the Stark broadening of H Balmer-b line
and the vibronic spectrum of N2 2nd positive (0, 2) band
indicated that the electron density was in the range ne
 ð25Þ  1019 m3 and the gas or rotational temperature
was in the range Tg  Trot  600700 K. The thrust per-
formance was also measured by using a target-type micro-
thrust stand, giving a thrust in the range Ft  0:040:51
mN, a specific impulse in the range Isp  150270 s, and a
thrust efficiency in the range gt  212 %. The plasma den-
sity, temperature, and thrust performance were enhanced
with increasing microwave input power, and the experimen-
tal results were consistent with those of numerical analysis
depending on microwave power and gas flow rate. Similar
plasma characteristics and thrust performance were obtained
with H2 propellant, where the specific impulse Isp of  450 s
was more than 1.5 times higher than that with He, owing to a
difference in mass between He and H2.
A comparison with previous numerical and experimental
studies with Ar propellant34 indicated that the plasma electron
density ne was about three times lower in He and H2 than in
Ar; however, the gas temperature Tg  Trot remained a little
lower in He and H2, and the specific impulse Isp in the pres-
ence as well as absence of plasma discharge was found to be
enhanced by about 3–5 times with light-mass He and H2, as
has been known for large-scale propulsion systems.58 More-
over, the axial flow velocity u calculated was more than two
times larger in He than that in Ar in the microplasma source
as well as micronozzle regions owing to the higher sonic
speed a of He, because u is governed primarily by the choking
(Ma ¼ u=a ¼ 1) at the nozzle throat. Thus, in contrast to gen-
eral assumptions, it follows that in the microplasma thruster
of electrothermal type, the high surface-to-volume ratio of
microplasma sources and the high diffusivity and thermal
conductivity of light-mass propellants do not lead to a deterio-
ration of the thrust performance. This is attributed primarily
to a more significant thermal energy gain due to elastic colli-
sions between electrons and heavy particles in He and H2 as
compared to that in Ar, which tends to offset a more signifi-
cant thermal energy loss due to the high diffusivity and ther-
mal conductivity of He and H2 in the microplasma source of
high surface-to-volume ratios. It should be concluded that the
present microplasma thruster of electrothermal type would be
applicable to attitude-control and station-keeping maneuver
for microspacecraft in a variety of operation modes, with and
without plasma discharge using light- and heavy-mass propel-
lant gases.
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